Introduction {#Sec1}
============

Antimicrobial use is the key driver of resistance, either because it selects a resistant mutant, or because it allows the emergence of a resistant pathogen in colonisation flora \[[@CR1], [@CR2]\]. In many countries, the high frequency of resistant bacterial pathogens presents a major public health problem. Moreover, such resistance is slow to reverse or may even be irreversible, and the therapeutic options are therefore reduced \[[@CR3]\].

In order to influence the spread of resistant pathogens and develop sustainable systems, the European Commission and the World Health Assembly (WHA) Resolution therefore encourage the appropriate and cost-effective use of antimicrobials. It is also necessary to detect resistant pathogens and to monitor antimicrobial consumption volumes, their patterns of use and the impact of infection control measures \[[@CR4], [@CR5]\].

However, the relationship between antibiotic use and the emergence of resistance is complex. The type of micro-organism, the resistance mechanisms involved and the relative importance of the different epidemiological variables will determine the likelihood of an intervention being successful. Until these interactions are fully explored, it seems reasonable to promote the prudent use of antibiotics as the single most important measure to stop increases in resistance trends. Comparison of data as a benchmarking instrument is an important initial step, and serves to help ICUs recognize problems and improve the way in which antimicrobials are used \[[@CR6]\].

This paper presents data from SARI over a period of 4 years and compares them with data from other ICU surveillance systems, i.e. STRAMA and AUR.

Methods {#Sec2}
=======

SARI was initiated in February 2000 with the objective of collecting monthly prospective data from SARI-ICUs actively participating in the German hospital infection surveillance system (KISS) \[[@CR13]\]. In our analysis, we concentrated on the period 2001 through 2004, because in 2000 the data set only covered 16 ICUs. From 1/2001 through 12/2004, 40 ICUs provided data and were included in the analysis. The 40 ICUs were located in 24 geographically distinct hospitals. Of this number, 15 belonged to university hospitals. Fourteen ICUs were interdisciplinary, 15 were surgical and 11 were medical. ICU bed numbers ranged from 6 to 26, with a median of 12.

A report comparing local monitoring data for each ICU and SARI benchmark data (i.e. aggregate summary data on all SARI ICUs) was initially presented to each ICU every 3 months. Since 2004, this report has been compiled every 6 months. In addition, a 2-day workshop took place once a year. Monthly antimicrobial usage data were obtained from computerised hospital databases. Consumption was expressed as defined daily doses (DDD) and normalised per 1,000 patient-days (AD = antimicrobial usage density), 1 DDD being the standard adult daily dose of an antimicrobial agent for 1 day's treatment defined by the WHO (data are recalculated by DDD index 2004) \[[@CR14]\].

The ICUs indicated the number of isolates tested per month belonging to the following sentinel bacterial species: *Staphylococcus aureus*, coagulase negative staphylococci (CNS), *Enterococcus faecalis*, *Enterococcus faecium*, *Pseudomonas aeruginosa*, *Enterobacter cloacae*, *Citrobacter* spp., *Serratia marcescens*, *Acinetobater baumannii*, *Stenotrophomonas maltophilia, Streptococcus pneumoniae, Escherichia coli* and *Klebsiella pneumoniae*; furthermore, on the number of isolates tested against sentinel antibiotics and the number of isolates resistant to these antibiotics. They were specified as resistant by the participating ICUs using the identification method routinely employed in their clinical laboratory. The data were presented using interpretive criteria recommended by the German Industrial standard (DIN) or the National Committee for Clinical Laboratory Standards (NCCLS) \[[@CR15], [@CR16]\]. Calculation was done irrespective of the interpretive criteria applied. To exclude copy strains, all the laboratories were obliged to use the same protocol. A copy strain was defined as an isolate of the same species showing the same susceptibility pattern throughout the period of 1 month in the same patient, regardless of the site of isolation.

Data on hospital and patient characteristics were obtained from the KISS system, i.e. type of hospital, number of ICU beds, type of ICU (medical, surgical, interdisciplinary), number of patient-days, number of device days and mean length of stay. The ICUs collected data on nosocomial infections (NI) for each patient according to the definitions given by the Centers for Disease Control and Prevention (CDC) \[[@CR13]\].

The proportion of resistant isolates was calculated by dividing the number of resistant isolates by the total number of isolates belonging to the species tested against this antibiotic, multiplied by 100 (RP). The incidence density of resistant isolates was defined as being the number of resistant isolates per 1,000 patient days (pd) (RD).

For analysis of temporal changes in resistance densities and antimicrobial consumption, we included all the SARI-ICUs that had provided data in 2001, 2002, 2003 and 2004. We then compared the data provided by the individual ICUs in the year 2001 with that of the same ICU in 2004 (n = 34). Additionally, in the analysis of temporal changes in RD we included only those ICUs that had provided at least ten isolates per antimicrobial/pathogen per year for testing, because RDs are statistically unsafe if the number of isolates tested is insufficient. To determine the changes between the two terminal years (year 2001 vs year 2004), we chose the Wilcoxon signed rank test for paired samples as described by *Fridkin* et al. \[[@CR17]\]. The statistics are based on the ranking of absolute values of differences. Pairs with large differences have greater weight than pairs with small differences.

To test for differences in RD in selected pathogens according to the type of ICU (medical, surgical, interdisciplinary), hospital size (\> 600 beds) and university status, Kruskal-Wallis and Wilcoxon tests for independent samples were employed.

Statistical analyses were performed using SAS version 8.01 and EpiInfo version 6.04.

Results {#Sec3}
=======

A total of 789,569 DDD and 597,592 pd were included in the analysis. Table [1](#Tab1){ref-type="table"} shows pooled antibiotic consumption in accordance with the WHO classification over a period of 4 years for all 40 SARI ICUs by ICU type. The total antimicrobial ADs ranged from 427 to 2,798, with a median of 1,351 and a mean of 1,321. They did not differ significantly by type of ICU, size of hospital (\> 600 beds) or university status. Penicillins with β-lactamase inhibitor were the antimicrobial group with the highest AD in all types of ICU. In medical ICUs, these were followed by quinolones, penicillins with extended spectrum and macrolides, in surgical ICUs by quinolones and carbapenems and in interdisciplinary ICUs by second generation cephalosporins and quinolones. There was no statistically significant change in total antimicrobial use from 2001 through 2004, but statistically significant changes were found in the antimicrobial classes used. The median administration of extended spectrum penicillins increased from 75.3 to 102.3 (mainly due to the use of piperacillin); the administration of penicillins with β-lactamase inhibitor combinations decreased from 258.5 to 191.5 (mainly due to a decrease in the use of piperacillin-tazobactam) and the administration of aminoglycosides also dropped from 59.6 to 28.4). Table 1Pooled mean and percentiles of the distribution of antimicrobial use density (AD = DDD/1,000 patient days \[pd\]), 1/2001--12/2004, all SARI ICUs (n = 40), the median AD of surgical, medical and interdisciplinary ICUs and temporal differences between 2001 vs 2004 (data on 34 SARI ICUs providing antimicrobial use data from 2001 to 2004).Pooled data of all SARI-ICUs 01/2001--12/2004Pooled data by type of ICU 01/2001--12/2004Data of 34 SARI-ICUs, 2001--2004ADMedian ADMedian ADNo. of ICUs with a change from year 2001 to 2004Antimicrobial group (ATC WHO)/AntimicrobialsPooled mean25% percentileMedian75% percentileMedical (n = 11)Surgical (n = 15)Interdisc. (n = 14)Year 2001Year 2004Increase/decrease/no changeTotal antimicrobial use1,321.31,038.61,350.51,582.81,468.81,151.81,338.31,247.11,384.622/12/0Penicillins with beta-lactamase inhibitor277.2111.9219.1384.9216.8221.4217.5258.5191.58/26/0\*Quinolones141.3102.7125.8172.3128.0123.8125.8130.6138.319/15/0Second generation cephalosporins118.158.6107.8166.478.7110.9145.6106.2104.719/15/0Third generation cephalosporins107.584.1102.8140.492.4101.2106.3100.6112.619/15/0Penicillins with extended spectrum96.030.181.8156.5114.732.8121.275.3102.325/9/0\*Carbapenems81.441.070.8122.368.0120.259.166.565.719/15/0Macrolides70.231.660.1106.5103.532.060.161.756.215/18/1Imidazoles52.30.052.0101.642.334.589.453.150.511/14/9First generation cephalosporins43.20.01.456.71.11.07.73.53.810/9/15Aminoglycosides41.419.040.464.440.237.547.059.628.48/26/0\*Beta-lactamase resistant penicillins39.10.112.536.027.210.410.19.020.717/11/6Glycopeptides36.717.530.050.229.839.218.124.829.517/17/0Sulfonamides and trimethoprim combinations29.70.121.032.228.022.114.416.99.311/15/8Beta-lactamase sensitive penicillins18.20.115.929.326.77.316.15.516.720/7/7\*Lincosamides14.10.011.726.115.48.812.911.012.412/13/9Tetracyclines7.10.03.816.68.60.07.10.00.512/9/13Fourth generation cephalosporins2.00.00.01.60.00.00.00.00.05/4/25Other antimicrobials and inhibitors (J01CG) are not listed

The laboratory data covered 53,399 isolates (29,160 gram positives and 24,239 gram negatives). The number of SARI-isolates i.e. the 13 sentinel microorganisms per 1,000 pd ranged from 17.3 to 164.6, with the median lying at 80.0. The number of annual SARI-isolates ranged from 33 to 1199, with the median being 316. RD and RP did not differ significantly in university and non-university ICUs or by type of ICU. However, in ICUs located in hospitals with more than 600 beds the RD and RP of imipenem resistant *P. aeruginosa* were significantly higher than smaller hospital ICUs (p = 0.046 and 0.043, respectively).

A comparison of the median length of stay revealed that between 2001 and 2004 the length of stay increased in 15 and decreased in 20 ICUs; however, this was not statistically significant (median length of stay in 34 ICUs --- 4.2 in 2001 and 3.8 in 2004). From 2001 through 2004, mean deviceassociated nosocomial infection rates, expressed as NI/1,000 device days were as follows: urinary tract infections 3.1 (range 0.3--8.3), blood stream infections 1.8 (range 0.2--4.6), and pneumonia 6.8 (range 2.0--17.3). The use of invasive devices did not change significantly over time (2001 vs 2004).

With respect to resistance, pooled data over 4 years showed the highest mean RD of 4.4 resistant isolates per 1,000 pd for MRSA i.e. methicillin resistant *S. aureus* (mean resistance proportion 21.5%) followed by imipenem resistant *P. aeruginosa* with an RD of 1.7 and a mean RP of 23.2% (Table [2](#Tab2){ref-type="table"}). Furthermore, data sets on RD from the year 2001 were compared with those of the year 2004. Significant increases were found for the RD of third generation resistant *E. coli* (over 4 years 14 ICUs showed an increase and only 6 ICUs a decrease in RP), as well as for the RD of ciprofloxacin resistant *E. coli* (20 ICUs showed an increase and only 5 ICUs a decrease) (Table [2](#Tab2){ref-type="table"}). Figure [1](#Fig1){ref-type="fig"} shows the pooled mean RD for January through December 2004 for selected antimicrobial-resistant pathogens. Next to or overlapping this point is the 95% confidence interval of mean RD over the previous 3 years (2001--2003). The most dramatic increase in mean RD was observed for vancomycin resistant *E. faecium* (354%), followed by third generation resistant *E. coli* (47%), ciprofloxacin resistant *E. coli* (21%) and ceftazidime resistant *P. aeruginosa* (6%). In contrast, vancomycin resistant *E. faecalis* decreased by 100% and third generation resistant *K. pneumoniae* by 34%. At −2%, MRSA remained fairly stable. Table 2Pooled mean and key percentiles of resistance densities (RD = number of resistant isolates/1,000 pd and antimicrobial resistance proportions (RP = number of resistant isolates/100 tested isolates) and) of selected pathogens from SARI ICUs (n = 40), 2001--2004 and temporal differences in RD between 2001 vs 2004 (data of 34 SARI ICUs providing resistance data from 2001 through 2004).PathogenResistant toRooled RD (RP%) of all SARI-ICUs 01/2001--12/2004RD from 34 SARI ICUs providing resistance data from 2001 to 2004No testedPooled mean25% percentileMedian75% percentileNo ICUs\*\* in analysisYear 2001 median RDYear 2004 median RDNo. of ICUs with an increase/decrease/no change of RD from 2001 to 2004*S. aureus*MethiciLLin12,2384.4 (21.5%)1.92 (12.0%)3.34 (21.2%)4.8 (32.1%)302.73.718/12/0*E. faecalis*Vancomycin5,3710.0 (0.1%)0.0 (0%)0.00.027000/1/26*E. faecium*Vancomycin1,9450.1 (2.6%)0.0 (0%)0.00.1 (3.3%)11002/3/6*K. pneumoniae*Third gen. cephalosporins3,2050.4 (7.5%)0.0 (0%)0.1 (2.0%)0.3 (6.5%))2000.29/3/8*E. coli*Third gen. cephalosporins8,1100.3 (2.3%)0.0 (0%)0.2 (1.7%)0.5 (3.5%)2700.214/6/7\*Ciprofloxacin7,1521.5 (12.3%)0.5 (8.3%)1.3 (12.0%)2.0 (16.6%)271.11.820/5/2\**P. aeruginosa*Imipenem4,4421.7 (23.2%)0.4 (8.4%)1.1 (18.6%)2.4 (26.6%)212.01.15/16/0Ceftazidime5,0051.3 (15.6%)0.4 (6.5%)1.0 (11.1%)2.0 (20.5%)260.61.114/12/0Ciprofloxacin5,0091.5 (17.6%)0.5 (8.6%)1.2 (15.4%)2.2 (26.2%)261.21.010/14/2Piperacillin-tazobactam4,0581.5 (22.0%)0.3 (8.7%)0.0 (15.7%)3.5 (36.7%)211.61.49/12/0"Resistant to third generation cephalosporins" i.e. cefotaxim or ceftiaxon or ceftazidime; \*if p-value \< 0.05 by Wilcoxon signed-rank test for paired samples 2001 vs 2004; \*\* ICUs with on at least ten isolates tested per antimicrobial/pathogen per year

![Comparison of pooled mean resistance densities (RD) of all SARI ICUs for selected antimicrobial-resistance pathogens from 1/2004 to 12/2004 with 1/2001--12/2003;▪=2004 pooled mean RD;{ie307-1} = 2001--2003 95% confidence interval of mean RD.](15010_2006_Article_6619_Fig1){#Fig1}

For comparison with the US-American and the Swedish surveillance systems, RP were compared with the latest available data, showing that with the exception of imipenem resistant *P. aeruginosa* the RP were highest in US-ICUs (Figure [2](#Fig2){ref-type="fig"}).

![Comparison of mean resistance proportions (RP=number of resistant isolates/100 tested isolates) of three surveillance systems: the US AUR, the German SARI and the Swedish STRAMA.](15010_2006_Article_6619_Fig2){#Fig2}

Discussion {#Sec4}
==========

This study reports the data gained over 4 years of working with SARI, an ongoing surveillance system for antibiotic use and resistance. We discuss the principal findings: (1) In SARI ICUs the mean antibiotic consumption was 1,321 DDD/1,000 pd, and the preferred antibiotic groups were penicillins with beta-lactamase inhibitors and quinolones. (2) Total antibiotic consumption remained stable over 4 years. (3) Resistance densities for third generation cephalosporin and ciprofloxacin resistant E. coli rose significantly over 4 years. Otherwise, the resistance situation remained stable. (4) The RP of selected pathogens was highest in the US ICUs and lowest in Swedish ICUs, with the exception of imipenem resistant *P. aeruginosa*.

In the hospitals, antimicrobial use ranged from 427 to 2,798 DDD/1,000 pd. This heterogeneity was also seen in 29 Swedish ICUs, where antibiotic consumption ranged from 605 to 2,143 DDD/ 1,000 pd, with a median of 1,147 between 1999 and 2000 \[[@CR7]\]. It is a well-known fact that antibiotic consumption in ICUs is generally higher than hospital-wide consumption \[[@CR18]\]. The preferred antibiotic groups in all SARI ICUs were penicillins with beta-lactamaseinhibitors (AD = 277) quinolones (AD = 141) and second generation cephalosporins (AD 118). In Swedish ICUs, cephalosporins (AD = 287) and isoxazolyl penicillin (AD = 156) outranged other classes of antimicrobials \[[@CR7], [@CR9]\].

Over the 4-year period, we saw a significant decrease in the use of aminoglycosides (26 out of 34 ICUs decreased use) and of penicillins with beta-lactamase inhibitors. However, the latter was due to the replacement of the fixed combination piperacillin/tazobactam by the individual compounds piperacillin and sulbactam, which are less expensive in Germany. There was no change over time in the total use of antibiotics within individual ICUs.

Summarized data are presented both as RD as an indirect parameter of the burden of resistance, i.e. resistant isolates/ 1,000 pd as described by *Schwaber* et al. \[[@CR19], [@CR20]\] and as RP. We used RD only for all the remaining analyses. The pitfall of RP, which is widely used and is easy to interpret, is that the number of resistant bacterial isolates depends on the number of susceptible isolates. If the number of susceptible isolates varies or changes over time, e.g. if some laboratories report contaminants, while others do not, or if screening procedures are introduced, these measures will all affect the RP. However, the resistance density only depends on the number of resistant isolates.

MRSA is by far the most resistant isolate with the highest burden of resistance (4.4 MRSA/1,000 pd), implying higher costs for isolation, decolonisation and the treatment of infections. Looking at changes over time in individual ICUs we saw no significant change in the RD of MRSA. The fact that the RD of MRSA increased in 18 and decreased in 12 ICUs might reflect the impact of different efforts undertaken by individual ICUs both with regard to infection control and antibiotic management. Especially the consumption of quinolones can have a significant impact on the MRSA resistance situation \[[@CR21], [@CR22]\]. A stable MRSA situation and a significant increase in third generation cephalosporin and ciprofloxacin resistant *E. coli* (2001--2004) confirm findings and trends seen earlier over a period of 3 years in SARI ICUs and described for MRSA in detail elsewhere \[[@CR23], [@CR24]\]. Comparison of the mean RD in 2004 with the mean RD in the years 2001 through 2003 showed a dramatic increase in the percentage of vancomycin resistant *E. faecium*. However, the increase in vancomycin resistant *E. faecium* was due to an outbreak in hospitals in South-West Germany (only two of the SARI ICUs were affected) and is a good example of the need to exercise care in the interpretation of pooled data \[[@CR25]\].

Comparison of US-AUR data (2003) with German SARI data (2004) and Swedish STRAMA data (1999--2000) showed that resistance proportions for selected pathogens were highest in the US ICUs and lowest in Swedish ICUs \[[@CR11]\]. However, interestingly, at 30%, resistance in *P. aeruginosa* to imipenem was highest in Swedish ICUs compared with 23.8% in German ICUs and 21.1% in US-American ICUs \[[@CR7]\]. This might be due to the fact that while carbapenem consumption was 37.8 DDD/1,000 pd in interdisciplinary US AUR-ICUs and 84.1 in German SARI ICUs, it was 113 in Swedish STRAMA ICUs. The striking differences in prescribing preferences between one country and another should be taken into consideration and might be crucial for the success of possible interventions.

Thus, a Hawthorne effect, as described for nosocomial infection rates, i.e. reduction by observation alone, was not observed in either AUR or SARI. The 354% increase in vancomycin resistant *E. faecium* observed by SARI was caused by the regional outbreak, and ciprofloxacin resistant *E. coli* increased without an increase in quinolone ICUconsumption. Especially in the case of quinolones, hospital-wide and ambulatory care consumption influences the development of resistance. *MacDougall* et al. found that for quinolone resistant *E. coli*, total community quinolone use within a 16 km radius correlated significantly with resistance in the hospitals \[[@CR26]\]. Therefore, campaigns for the appropriate use of antibiotics should ideally focus not only on ICUs, but on all those physicians prescribing them.

This study has some limitations. Selection bias cannot be excluded because participation in SARI was voluntary and ICUs encountering higher resistance rates would obviously be aware of the problem and wish to take part. Bias due to inclusion of all isolates must be taken into account, especially with respect to screening policies and outbreaks. In Germany, ICUs perform susceptibility testing in accordance either with NCCLS or DIN. Like other surveillance systems we did not differentiate between the methods used, which should be considered in the data analysis \[[@CR27]\]. As data are laboratory and unit-based, they are prone to ecologic fallacy, i.e. improper inference about individual-level associations based on associations measured only at the aggregate level.

In conclusion, antibiotic consumption remained stable over a period of 4 years with a mean value of 1,321 DDD/1,000 pd. The burden of resistance in *S. aureus* and *P. aeruginosa* also remained stable, whereas resistance in third generation cephalosporin and ciprofloxacin resistant *E. coli* increased. The striking differences in the resistance situation and in antibiotic prescribing practices in different countries underline the need for national or even locally adapted guidelines on empiric antibiotic therapy. Further analysis of these differences will help improve the way in which antimicrobials are used in countries whose resistance situation is better than in others.
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